the surface of bare electrodes was a number of limitations, such as low sensitivity and reproducibility, the slow electron-transfer reaction, low stability over a wide range of solution composition and high overpotential at which the electron-transfer process occurs. The chemical modification of inert substrate electrodes with mediators offers significant advantages in the design and development of electrochemical sensors. In operations, the redox active sites shuttle electrons between a solution of the analyte and the substrate electrodes often along with a significant reduction of the activation overpotential. A further advantage of chemically modified electrodes is that they are less prone to surface fouling and oxide formation compared to inert substrate electrodes. A wide variety of compounds, such as substituted and unsubstituted transition metal phthalocyanines, [11] [12] [13] [14] [15] [16] [17] conductive polymeric films, 18 Prussian blue, 19 ruthenium cyanide, 20 ferricyanide, 21 aquocobalamin, 22 related metal hexacyanoferrates, [23] [24] [25] tetrathiafulvalene (TTF), or 7,7,8,8-tetra-cyano-p-quinone-dimethane (TCNQ), 3 lead ruthenate pyrochlore, 26 Bi doped in PbO2, 27 iron porphyrin, manganese porphyrin and iron phenanthrolines, 28 vitamin B12, 29 Nafion/cobalt(II), 30 phenothiazine derivatives, 31, 32 cobalt(II) cyclohexyl butyrate, 33 Ru-complex 34 and fullerene-C60 35 , have been used as electron mediators for the electrooxidation of Lcysteine. Details relevant to L-cysteine and related compounds have been reviewed by Compton and coworkers recently. electrode response, decrease the overpotential associated with the electrode process, and/or enhance the oxidative current of Lcysteine. These chemically modified electrode electrocatalytic systems are also used to minimize the problems of poor selectivity and sensitivity, which are commonly associated with the use of solid electrodes. 4 Unfortunately, the most modified electrodes have certain disadvantages, such as considerable leaching of electron transfer, and having expensive and difficult preparation methods. Furthermore, the electrodes surfaces can not be renewed and the irreversible adsorption behavior renders routine analysis difficult; also some of them are not sensitive enough for real sample analysis. Hence, it is pertinent to explore and develop a simple and reliable method to fabricate modified electrodes. Such a method can be achieved by incorporating a modifier into an electrode matrix, such as carbon paste electrode. This can be the best procedure for preparing chemically modified electrodes. Thus, the ease and speed of the preparation to obtain a new reproducible surface, the low residual current, the porous surface, the control of the amount of modifier, and the low cost are some advantages of chemically modified carbon paste electrodes. 37, 38 It has also been shown that carbon substances tend to be more compatible with biological tissues than the other commonly used electrode material. 39 Carbon paste electrodes have been applied until now for the preparation of chemically modified electrodes, for the determination of trace amounts of some substances, 40, 41 as electrochemical sensors for the analysis of biologically important compounds 42 and electrocatalysis, etc. 43, 44 On the other hand, a practical mediator needs to have a low relative molar mass while being reversible, fast reacting, regenerated at low potential, pH independent, stable in both oxidized and reduced forms, unreactive with oxygen and nontoxic. Among the most successful mediators are those based on ferrocene and its derivatives that meet the above criteria. We have prepared and used ferrocene and some of its derivatives modified carbon paste electrodes for the electrocatalytic oxidation and voltammetric determination of some biologically important compounds. [45] [46] [47] [48] The present study was related to the electrocatalytic oxidation and voltammetric determination of L-cysteine at the surface of carbon paste electrode (CPE) modified with 1-[4-(ferrocenyl ethynyl)phenyl]-1-ethanone (Scheme 1) in an aqueous buffered solution using various electroanalytical methods. In order to demonstrate the catalytic ability of this modified electrode in the oxidation of L-cysteine in real samples, we examined this method for the determination of L-cysteine in samples such as the plasma of patient blood and some pharmaceutical preparations.
Experimental

Reagents and materials
The 1-[4-(ferrocenyl ethynyl)phenyl]-1-ethanone (4-FEPE) was synthesized and purified as reported previously. 49 LCysteine, graphite fine powder (particle diameter, 0.1 mm), viscous paraffin (density, 0.88 g cm 2 ) and lithium perchlorate were obtained from Fluka and used as received. All other Scheme 1 chemicals used in this investigation were of analytical grade.
Tablets of acetylcysteine and aminoplasma serum as pharmaceutical samples were prepared from Fluimucil and Daro Pakhsh Companies of Swiss and Iran, respectively. All aqueous solutions were prepared with twice distilled water. A stock solution of L-cysteine was freshly prepared as required in 0.1 M phosphate buffer at the desired pH (2.0 -9.0). The buffer solutions (0.1 M) were prepared from ortho-phosphoric acid, and its salts and the pH were adjusted with 0.1 M H3PO4 and
L-cystine, cysteamine and gluthathione were purchased from Fluka and were from the analytical-reagent grade.
Instrumentation
The electrochemical experiments were carried out using a Potentiostat/Galvanostat (BHP 2061-C Electrochemical Analysis System, Behpajoh, Iran) coupled with a Pentium IV personal computer connected to a HP laser jet 6L printer. A platinum wire was used as the counter electrode. A carbon paste electrode spiked with 4-FEPE and a double-junction Ag | AgCl | KClsat electrode (Metrohm) were used as working and reference electrodes, respectively. A pH meter (Ion Analyzer 250, Corning) was used to read the pH of the buffered solution.
Working electrode
The unmodified carbon paste electrode was prepared by mixing graphite powder with an appropriate amount of paraffin oil and through hand-mixing in a mortar and pestle; and a portion of the composite mixture was packed into the end of a polypropylene tube (with internal radius 1.7 mm). Electrical contact was made by a copper wire lead fitted into the polypropylene tube. The modified electrode was prepared by mixing an unmodified composite with 4-FEPE (1% w/w), and then homogenized by dissolving it in diethyl ether. The mixture was stirred until the solvent was completely evaporated. The modified composite was then air dried for 1 h and used in the same way as an unmodified electrode. blood was separated after putting the sample in an incubator at 37˚C for 30 min and centrifuging it. Acetylcysteine tablets. A 100-mg portion of a finely powdered sample was dissolved in a voltammetric cell to 10 ml of 0.1 M phosphate buffer (pH 7.00) and 0.1 M LiClO4, and the cyclic voltammogram was recorded. Aminoplasma serum. A 1-ml portion of aminoplasma serum was diluted in a voltammetric cell to 10 ml of 0.1 M phosphate buffer (pH 7.00) and 0.1 M LiClO4, and the cyclic voltammogram was recorded.
Procedure of sample preparation
Results and Discussion
Electrochemistry of 4-FEPEMCPE
The electrochemical properties of 4-FEPEMCPE were studied by cyclic voltammetry in pure buffered aqueous solutions. Cyclic voltammograms of 4-FEPEMCPE in 0.1 M phosphate buffer solution (pH 7.00) with 0.1 M LiClO4 as supporting electrolyte exhibit anodic (related to the oxidation of ferrocene nucleus, Fc to ferricenium, Fc + ) and corresponding cathodic (related to the reduction of Fc + to Fc) peaks with Epa = 0.660 V and Epc = 0.465 V vs. Ag | AgCl | KClsat (Fig. 1a) , whereas the cyclic voltammograms of bare CPE in the same solution show no anodic or cathodic peaks (Fig. 1b) . The experimental results show a quasi-reversible behavior for Fc/Fc + redox couple of 4-FEPEMCPE in an aqueous medium. Because of the peak separation potential, ΔEp (= Epa -Epc) is greater than the value of (59/n) mV as expected for a reversible system. Also, the obtained results show that the variation in the pH has no effect on the half-wave potential of the Fc/Fc + redox system. Therefore, the redox process of Fc/Fc + in 4-FEPE is independent of on the pH.
In addition, the effect of the scan rate of the potential on the electrochemical properties of the Fc/Fc + redox couple in 4-FEPEMCPE was studied in an aqueous solution by cyclic voltammetry (Fig. 2A) . Plots of the anodic and cathodic peak currents were linearly dependent on the square root of the sweep rate (v 1/2 ) with a correlation coefficient of 0.999 at all scan rates (v = 5 -800 mV s -1 ) (Fig. 2B ). This behavior indicates that the nature of redox process is diffusion-controlled.
Stability of 4-FEPEMCPE
Prior to using 4-FEPEMCPE for the electrocatalytic oxidation of L-cysteine, the rate of loss of electrochemical activity for this electrode was investigated. This rate was evaluated by noting any decrease in the anodic charge, qa, in consecutive potential scan cycles. The results showed that the anodic and cathodic peak currents of 1-[4-(ferrocenyl ethynyl)phenyl]-1-ethanone/ 1-[4-(ferricenium ethynyl)phenyl]-1-ethanone couple decreased; consequently the electrochemical activity of 4-FEPEMCPE was reduced during successive scans, without any change in the half-wave potential, E1/2. The decrease in the electrochemical activity may be due to the removal of 1-[4-(ferricenium ethynyl)phenyl]-1-ethanone ion generated at the electrode by dissolution into the aqueous solution. Therefore, the surface regeneration of 4-FEPEMCPE before each experiment is necessary.
pH optimization of the solution
The electrochemical behavior of L-cysteine (pKa1 = 1.92, pKa2 = 8.37, pKa3 = 10.7) 50 is dependent on the pH value of the aqueous solution, whereas the electrochemical properties of Fc/Fc + redox couple are independent of the pH. Therefore, pH optimization of the solution seems to be necessary in order to obtain the electrocatalytic oxidation of L-cysteine. We thus studied the electrochemical behavior of L-cysteine in 0.1 M phosphate buffered solutions for different pH values (2.00 < pH < 9.00) at the surface of 4-FEPEMCPE by cyclic voltammetry. It was found that the electrocatalytic oxidation of L-cysteine at the surface of 4-FEPEMCPE was more favored under neutral conditions than in an acidic medium. This appeared as a gradual growth in the anodic peak current and a simultaneous decrease in the cathodic peak current in the 4-FEPEMCPE cyclic voltammograms. The variation of Ipa versus the variation of the pH was shown in Fig. 3 . As can be seen, the 1215 ANALYTICAL SCIENCES SEPTEMBER 2006, VOL. 22 electrocatalytic current decreases at high pH values. Therefore, pH 7.00 was chosen as the optimum pH for the electrocatalysis of L-cysteine oxidation at the surface of 4-FEPEMCPE.
Mediated oxidation of L-cysteine
A comparison of the cyclic voltammograms of 4-FEPEMCPE in a buffered aqueous solution (pH 7.00) in the absence (Fig.  4c) and presence of L-cysteine ( Fig. 4d) with that of an unmodified carbon paste electrode (Figs. 4a and b) , demonstrates that the electrooxidation of L-cysteine can be catalyzed by a 1- Figs. 4d and 4c shows the anodic peak current of the mediator was greatly increased in the presence of Lcysteine over that ordinarily observed just for the Fc/Fc + redox couple spiked in CPE, while the corresponding cathodic peak disappeared on the reverse scan of the potential. This behavior is typical of that expected for electrocatalysis at chemically modified electrodes. The obtained results showed that Lcysteine oxidation at a bare CPE occurred irreversibly with a peak potential of 900 mV vs. Ag | AgCl | KClsat (Fig. 4b) , while its oxidation at 4-FEPEMCPE appeared at 550 mV vs. Ag | AgCl | KClsat (Fig. 4d) . Therefore, the oxidation of L-cysteine at the surface of 4-FEPEMCPE occurs at a potential about 350 mV toward a less-positive potential than that of a bare CPE. This value is comparable to values reported by other researchers for the electrocatalytic oxidation of L-cysteine at the surface of chemically modified electrodes by other mediators previously ( Table 1) .
The effect of the potential scan rate on the electrocatalytic properties of 4-FEPEMCPE in a 0.1 M phosphate buffered solution containing 1 mM L-cysteine was studied. The obtained results showed that the catalytic effect of the mediator appeared at scan rates of up to 150 mV s -1 . Also, the cathodic current increased with increasing the scan rate, because in short timescale experiments, there is not enough time for the catalytic reaction to take place completely. It can be noted from Fig. 5A that, along with an increase in the scan rate, the peak potential for the catalytic oxidation of L-cysteine shifts to the more positive potentials, suggesting a kinetic limitation to the reaction between the redox sites of 4-FEPEMCPE and Lcysteine. In order to obtain information about the ratedetermining step, the Tafel slope (b), was determined using the following equation for a totally irreversible diffusion controlled process:
Based on Eq. (1), the slope of Ep vs. log v plot is (b/2), where b indicates the Tafel slope. The slope of Ep vs. log v plot is ∂ΔEp/∂Δ(log v), which was found to be 0.0894 V in this work (Fig. 5A) . Thus, b = 2 × 0.0894 = 0.1788 V. This slope indicates a transfer coefficient of α = 0.44 for a one-electron transfer process, which is the rate-determining step. However, the oxidation current for L-cysteine increased linearly with the square root of the scan rate of the potentials (Fig. 5B) . The values of αnα (where α is the transfer coefficient and nα is the number of electrons involved in the rate determining step) were calculated for the oxidation of L-cysteine at pH 7.00 at both modified and unmodified carbon paste electrodes, according to the following equation:
where Ep/2 is the potential corresponding to Ip/2. The values for αnα were found to be 0. 40 of 4-FEPEMCPE, but also the rate of the electron-transfer process is greatly enhanced.
This phenomenon is thus confirmed by large Ipa values recorded during the cyclic voltammetry at 4-FEPEMCPE.
Chronoamperometry
Double potential-step chronoamperometry as well as other electrochemical methods were employed to investigate the electrochemical process at the chemically modified electrodes. Figure 6A shows the current-time curve of 4-FEPEMCPE obtained by setting the working electrode potential at 0.8 V (at the first potential step) and at 0.3 V (at second potential step) vs. Ag | AgCl | KClsat for the various concentration of L-cysteine in buffered aqueous solutions (pH 7.00). As can be seen, there is not net cathodic current corresponding to a reduction of the mediator in the presence of L-cysteine, while the forward and backward potential-step chronoamperometry on the modified electrode in the blank buffered solution show very symmetrical chronoamperograms with an equal charge consumed for the oxidation and reduction of the Fc/Fc + redox system in the CPE (Fig. 6B(a′) ). However, in the presence of L-cysteine, the charge value associated with forward chronoamperometry is significantly greater than that observed for backward chronoamperometry (Fig. 6B(d′) ).
For an electroactive material with a diffusion coefficient (D), the corresponding current of electrochemical reaction (under diffusion control) is described by Cottrell's equation,
where D and CO are the diffusion coefficient (cm 2 s -1 ) and the bulk concentration (mol cm -3 ), respectively. The plot of I versus t -1/2 would be linear, and from its slope, the value of D can be obtained. The chronoamperometry of the modified electrode in the presence of L-cysteine represents a typical I-t curve, which indicates that the observed current must be controlled by L-cysteine diffusion in the solution. A plot of I versus t -1/2 for a modified electrode in the presence of L-cysteine gives a straight line; the slopes of such lines can be used to estimate the diffusion coefficient of L-cysteine (D) in the range of 0.476 -1.489 mM. The slopes of the resulting straight lines were plotted versus the L-cysteine concentration (Fig. 6C) . The mean value of the D was found to be 7.86 × 10 -6 cm 2 s -1 . Therefore the obtained results by double potential step chronoamperometry demonstrate that the oxidation of Lcysteine can be catalyzed by a mediator at the surface of 4-FEPEMCPE.
Interference studies
The influence of other amino acids such as glutamine surface of 4-FEPEMCPE was examined using cyclic voltammetry. A foreign compound was considered to seriously interfere when it gave a determination error of more than 2%. The experimental results showed that the presence of these amino acids (except cysteamine) did not significantly influence the determination of L-cysteine under the experimental conditions. Therefore, this result demonstrated the selectivity of this method for the voltammetric determination of L-cysteine.
Electrocatalytic determination of L-cysteine
The electrocatalytic peak current of L-cysteine oxidation at the surface of 4-FEPEMCPE can be used for determining Lcysteine in solution. Therefore, cyclic voltammetry and differential pulse voltammetry experiments were performed using 4-FEPEMCPE in a phosphate buffer solution containing various concentrations of L-cysteine. The results show that the electrocatalytic peak current of L-cysteine oxidation at the surface of 4-FEPEMCPE was linearly dependent on the Lcysteine concentration; also, the range of this linearity depends on the amount of the mediator in the electrode matrix. The mediated oxidation peak currents of L-cysteine at the surface of a 1% 4-FEPEMCPE were proportional to the concentration of L-cysteine within the ranges of 9.0 × 10 -5 -4.9 × 10 -3 M and 2.0 × 10 -5 -2.8 × 10 -3 M (with the correlation coefficients of 0.9981 and 0.9982 in the cyclic voltammetry and differential pulse voltammetry, respectively (Figs. 7A, B and 8, respectively) . The detection limits (2σ) were 9.9 × 10 -6 M and 5 × 10 -6 M, respectively. These values are comparable to the values obtained by other research groups. Thus, the electrocatalytic oxidation of L-cysteine can readily be applied to the determination of L-cysteine.
Determination of L-cysteine in samples
In order to demonstrate the electrocatalytic oxidation of Lcysteine in real samples, we examined this ability in the voltammetric determination of L-cysteine in the blood plasma of a patient and some pharmaceutical preparations, such as acetylcysteine tablets and aminoplasma serum purchased from local sources. The determination of L-cysteine in these samples was carried out by the standard addition method in order to prevent any matrix effect.
Therefore, we studied the electrochemical behavior of 4-FEPEMCPE in 0.1 M phosphate buffer (pH 7.00) and 0.1 M LiClO4 containing each sample by cyclic voltammetry. Figure 9A (curve a) shows typical cyclic voltammograms recorded for the patient's blood plasma. As can be seen in this figure, the addition of a known concentration of L-cysteine to the solution caused as increase in the oxidation peak height (Fig. 9 curves b to f) . Thus, the anodic peak was attributed to L-cysteine oxidation. The concentration of Lcysteine in the plasma of patient blood was obtained as (4.6 ± 0.4) × 10 -4 M; other samples are presented in Table 2 . 
Conclusion
This work describes the construction of a chemically modified carbon paste electrode by the incorporation of 4-FEPE as a modifying species. The value of the peak separation potential obtained for a 1-[4-(ferrocenyl ethynyl)phenyl]-1-ethanone/1-[4-(ferricenium ethynyl)phenyl]-1-ethanone couple suggests that the couple can act as a quasi-reversible system in the carbon paste matrix. Electrochemical studies show that the oxidation of L-cysteine is catalyzed at pH 7.00, whereas the peak potential of L-cysteine is shifted by 350 mV to a less positive potential at the surface of 4-FEPEMCPE. Finally, the mediated oxidation current of L-cysteine at 4-FEPEMCPE was used for the determination of L-cysteine in an aqueous solution. Therefore, the electrocatalytic oxidation of L-cysteine at the surface a 4-FEPEMCPE can be employed as a new method for the selective voltammetric determination of L-cysteine in some real samples, such as patient blood plasma, acetylcysteine tablets and aminoplasma serum. The proposed voltammetric method is a rapid, simple, precise, suitable and selective method for routine control, and can be carried out directly without any pretreatment or separation.
